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The Preparation of a Solid Rhenidel :9

s

(1) Constructed from a thesis submitted by Justo B, Bravo in
sortial fulfillment of the requirements for the degree of
vsyctor of Philecsophy, January, 1883.

gy JUSTO Be BRAVO, ERNEST GRISWOLD AND JACOB KIEINBERG
Abstract

CATALOGED BY
As AD INo.

The reduction of potassium perrhenate in ethylenediamins-water
solutions by means of potassium metal yields a white solid contalning
uninegative rhenium (rhenide) mixed with potassium hydroxide, Under
optimum conditions of reduction an apparent conversion of up to 90% 4 _
of the perrhenate to solid rhepide is obtained, T -
A number of extractions of the solid with isopropyl alcohol re - V
sults in tq?’removal of a large proportion of the potassium hydroxid@ﬂ
and in the?formation of a colloidal brown liquid which contains
potassiuqéﬁydroxide, isopropyl alcohol, and rhenium, the latter ale=
most entirely in the uninegative astate. Fractlional extraction of
this brown liquid finally gives a gray solid usually containing be-
tween 55 = 60% rhenium, all as potassium rhenide.
Analysis of the gray solid shows the presence of small amounts
(about 5%) of potassium hydroxide as impurity and also the presence
of approximately four molecules of water per rhenide lon, Magnetic
measurements demonstrate that the rhenide compound 1s slightly para=

magnetic, the degree of paramagnetism being even less than that re-

\
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quired for a substance with one unpairedi electron, Inasmuch as the
rheniun atom posseases five unpalred slectrons, the magnetic evi-
dence indicates that the formation of the rhenide ion involvesa a con-
slderable modification in electronic configuration, The magne:ic
data do not distinguish between two alternative structures; one in
which the rhenide lon has a halide configuration, and the other in
vhich the rhenivm exists in a hydrated complex having four water
molecules coordinated at the corners of a square, From energy con-

slderations the latter structure appears to be the more plausible,
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The discovery by Lundell and Knowlcc? in 1937 of the existence

(2) G.,E.P, Lundell and H,B, Knowles, J, Research Nat, Bur, Standards,
18, 629(1937).

of uninegative rhenium (rhenide) has been confirmed by other investi-

gators;3'6 up to the present, however, no solid substance containing

(3) 0, Tomidek and F, Tomicek, Collection Czech, Chem, Commun., 11
626(1939).

(4) (a) J.J, Lingane, THIS JOURNAL, €4, 1001(1942); (b) ibid., 64,

(6) E.X. laun and N, Davidson, ibid., 72, 3509(1850),

(6) C.L. Rulfs and P,J. Elving, ibid., 73, 3287(1951).

the rhenide ion has been prepared, In a preliminary communication

from tnis Laporatory’ the nroduction for the first time of a solid

(7) ?. Gr{swold, J. Xleinberg, amd J. B. Bravo, Scilence, 115, 275
1982,
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rhenide material in admixture with potassium hydroxide was raported,
The current communication describes the preparation and some properties
of potassium rhenide tetrahydrate, which has been obtained Iin greater
than 90 per cent purity. Thls compound was extracted from a mixture
conslsting es-entially of potasalum rhenide and potassium hydroxide,
which had been prepared by the reduction of potassium perrhenate in

ethrlensdiamine-water aolutions by means of potassium metal,

The Reduction 4f Potassium Perrhenate
liaterials, - Potassium perrhenate obtained from the University
of Tennessee and of 89,8% purity was used without further purification.
The potassium sticks were obtained from Baker and Ademson. The ethyle~
enedlamine employed was of Eastmah Kodak Co. white label quality. The
water content of this material was determined by titration with Karl

Fischer Pe&86n§.8 which was purchased with the water=in-methanol

(8) J. ¥itchell and D.M, Smith, Aquametry: Apalication of the
Karl Fischer Reagent to Quantitative Analysils Involving water,
Intersciencs Publishers, Inc., New York, 1948,

———.

standard from Hartman-Leddon Co. Spent ethylenedlamine was recovered
by distillation from potassium hydroxide sticks, Anhydrous ethyl ether
waa produceced by drying special drum ether fiom Carbide and Carbon
Chemicals over sodium,

The Reduction Procedure. - The apparatus emglocyed for the re=

ducticn of potassium perrhenate 1s shown in Fig.l. The reaction

champer wes about 2.5 cm. in dlameter and approximately 1S cm. high,

A

Sampling obulcs A and B were inserted in the reaction chamber throug:
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ground glass jointa, Ths nitrogen dellvery tube extended close to

the bottom of the reaction chamber in order that the gas would have

a stirring effect on the reaction mlixture. The presence at C of a
large standard taper joint permitted the removal of the lower part

of tnhe reaction chambar for sampling purposes. An ultrafine frit:ed
glass disk sealed into the bottom of the reaction chamber served, .,
after removal of the solvent into the filter trap by means of an
aspirator, to hold the inscluble white product formed in the reduction
reaction,

Prior to each reduction the sevepal p439§s of the reaction chamber
assembly were cleaned and dpted in an-oven gé 110°, The apparatus
was then assembled except for the sampling bulbs, The openings for
the bulbs were stoppered with standard taper plugs and dry, oxygen-
free nitrogen was passed through the system for at léaat 10 min, to
sweep out the air., The sampling bulb A was then charged with a
welghed quantity (2 or 4 g.) of potassium, which had been cut and
welgned under benzene, Bulb B was charged with 50 or 100 ml., of 3mM
patas_iuwr perrhcnate soilmtion in eshylenedlamine-water solution cone-
taining 9.8% water, After the sampling bulba had been connected with
the reaction chaxber, bulb A was rotated and the potassium metal
dropped into the chamber, This was followed by the introduction of
the perrhenate solution,

Usually from 2 to 10 min, was reguired for ccmplete reaction of
the potassium, during which time the temperature of the reaction mix-

ture rose to about 709 C. iihen the reacticn was complete, the white
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s0lid product was filtered by asplration and twice washed with an-
hydrous ethyl ether, being stirred at the same time, 'Atﬁer a final
rinse with ether the solid wes dried thoroughly by neans of a stream
of dry, oxygen=fres nitrogen and waa then dissolved in distilled water
and made up tc volume. Separate aliquota of the soclution were ana -
lyzecd for rhenium content, and feor reducing power in terma"%f’the
numoer of g. equivalents of standard oxidizing agent require& §q
oxidize 1 g. atom of rhenium to the perrhenate atats,

Analvtical Metheds, = The reducing power of the rhenium was detebr-

mined by the acdcition of an aliguot of the sclutlon descrlbed above

to a measured quantity of an excesa of standard dichromate solution

in a conaiderable excess of 4 N sulfuric acid; a measured quantity of
standard iron(Il) sulfate was then added, and the excess iron(II) sul=-
fate was titrated with standard dichromate in the presence of diphenyle
amine sulfonic¢ acid indicator., A sultable correction was made for

reaction of the indicator with the dichromate,?

(9) I.Ms Kolthoff and E.B. Sandell, Textbook of Quantitative Inor=
ganic Analysis, The MacMillan Co,, New TorK, M. PPr 493-4G4.

Rhenium was determined in the following manner, An aliquot of
the solution was digested with 2 ml. of 30% hydrogen peroxide and
sufflclent 1:1 hydrochloric acid to make the final solution acidic.
Digesticon was continusd untll excess aydrogen percxide had been
destroyed, The perrhenate formed was then converted to ReO(CHES),
by treatment with potassium thilocyanate and tin(IT) chloride, and the

oxythiocyanate determined spectrophotometrically as described by
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Sendel1,10 A Model DY Beckman spectrophotometer was employed.

(10) E.B., Sandell, Colorimetric Determination of Traces of Metals,
Interscience PUoLishers, 1nCs, New TOrK, 1944, ppe 270-=283,

Results, =~ The results of typical reduction experiments are sum-
marized in Tacle I. It should be emphasiged that the conditions of
reduction as listed in the tavle are tnose which, after many pre=
liminary experiments, were found to give excellent conversions of
perrnenate to rhenide, It is seen that under optimum conditions up
to J0% of the initizl perrhenate apparently 1s converted to sclid
rhenice, The solid mixture of potassium aydroxide and rhenide which
1s formed contains avout 0.,5% rhenium. In almost every case, the
filtrate possessed some reducing power, indicating that it also con-
talned rhenlde.

It is guesticnsble that potassium metal itself is the actual re-
ducing agzent. The reaction of the metal witn the water prcsent in

the ethrylenedlamine gives rise to nrdrogen, and it 1s possible that

this 1s the agent responsible for the reduction of the perrhenate,

The Separation cf Potassium Rhenide

Freliminary Fxperiments, = Exploratcry efforts to extract potas-

sium hydrcxide from the solid mixture produced by reduction of per-
rhenate demonastrated that, of the various solvents tested (ligquid

ammonia, etnyl alccnol, dioxane, cellosolve, n-amyl alcohcl, n<butyl
alooned, ard iscpropyl alsokol,, iseprupyl alcohcl was the moat sat-

lsfrctery., This scl.ent dissolves potassium hydrcoxide and has
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Table I

Reduction of Potassium Perrhenate by Potasslum
in Ethylenediamine=-Water Solution
(Concentration of KReO,, 2mM; 9.8% Hg0)

}illimoles of Ml, of 0.1 N Valence no. Total rhen- Conver=-
rhenium titr- X50r,0, re- change; theo~ 1um in solld, slon to

ated quired retical, 8 mgs rhenide,%
04,0376 3,00 7499 8,40 30,08C
«0211 2.48 7.87 6,96 24,9810
+ 0865 2.89 7.92 8,16 29,28,C
«0174 1,39 797 5,02 18,0840
«0€51 5432 8,16 14450 52,08
. 0681 5433 7.82 15,26 54,78
«1014 8.44 8,30 37,80 _ 67.6b
+1356 11,02 8413 50450 . 9o:§b
<1290 11438 8.18 51,76 92,50
a

Fifty milliliters of perrhenate sample and 2,00(+ 0,06) g. of
potassium were used in these experiments,

Y One hundred milliliters of perrhenate sample and 4,00(+ 0.05) g
of potassium were used in these experiments,

Initial reaction temperature 15° C,; all other exgeriments were
carriei out at an initial temperature of about 25 .




practically no solvent action on the rhenlde. Hcwever, in the course
of treatment of the mixture with 1sopropyl alcchol two liguld layers
re formed. The upper colorless layer, formed in greater volume, cone
tains rmuch potassium hydroxide but no rhenide. The lower layer,

brown in coler and colloldal in nature, contalns potassium hydroxide

and all of the rhenium.ll Further extractions of this brown liquia

(11) Occasionally a small amount of white sclid remained when the
two layers were formed, The whit:s s0lid was combined with the
lower brown layer and the mixture further extracted as described
for the brown layer alone,

wity 1sopropyl alcohol, continued until the brown layer has almost
disappeared, yield a grayish white solid containing in nost cases,
approximately 20% of rhenium, nearly all of which 1s apparently in
the uninegative state,

In an effort to concentrate the rhenide further, the grayish
white solid was subjeated to further extractiona with isopropyl
alcohol, In mest of these experiments the solid became darker, and
altnougn its rhenium content increased, the reducing power was fcocund
to have undergone some diminutlon, This fact, indicating oxidation
of part of the rhnenium during extraction, suggested that the brown
liguid layer might contain some unreduced perrhenate, wnich appears
in tnhe gravish white sclid ovtained by complete extracticn cf the
prown layer, and, wilth decrease In ccncentration of hyéroxide cduring
further extraction of *the sclid, interacts witn the rnenids to form

metalllic rhenium,.
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In order to teat this hypothesis, a serles of fractional extract-
ions of the brown liquid layer were carrled out. The procedure em=
ployed was as follows, all operations 1nvolving transfer belng car-
ried out in a dry box.

Two reductions were performed as previously described, each
with 100 ml. of 3mM potassium perrhenate solutlon in ethylenedlamine=-
water mixture containing 10.,8% water; 6,00(+ 0.05) g. of potassium
was used as reducing agent and the reaction was carried out at an
initial temperature of about 25% C,

The white 80l1id products from these reductiona were tranaferred
to a single 60-ml, glass stoppered centrifuge tube, The tube was
filled with oxygen=-free anhydrous isoprocpyl alcohol (obtained by the
fractionation from sodium of 98% Baker and Adamson material in a
nitrogen atmosphere) and then shaken on a mechanical shaker for 1 hr,
After centrifugation, the alcoholic extract was discarded. A total
of three extractions usually resulted in the formation of the two
layers previously described, The brown layer (plus any white solid
which may have been present) was extracted once with isopropyl alco-
hol, Invariably there appeared at this stage a small amount of
walte solild, The clear alcohol layer was drained off and the brown
layer was separated by decantation to another 60-ml, glass atoppered
centrilfuge tubes The solld phass was extracted once again with the
alcohol, washed with anhydrous ether, and dried 1in a stream of
nitrogen. The rhenium content and reducing power were then deter-

mined as previously described, except tnat the sclid was dissclved
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in 10% potassium hydroxide solution rather than in distilled water,
Ths results of typical experiments are given in the rows marked A
in Table II,.

The brown liquid phase was subjected to three addltlconal extract-
fons with izopropyl alcohol, each of which gave a deposit of a gray
solid, The small amount of brown liguid still remaining was drained
off, and the solid which had been deposited was extracted once again,
wasned with ether, dried, and analyzed after dissolution in 10%
potassium hydroxide solution. The results appear in the rows label-
ed B in Teble II.

The results shown in Table II are in agreement with the hypoth-
esis that a small amount of unreduced perrhenate is present 1n the
original brown larver, The perrhenate apparently is thrown out in the
first small amount of solid deposit when the brown layer 1s treated
with isopropyl alcohol, so that all of the remaining rhenium is in
t.e uninegative statse,

The Isolation of Postassium Rhenide Tetrahydrate. - A series of

experiments was performed to determine the maximum rhenide content
obtainztle in the solid., The gray solid material, which had been
freec of perrhenate by the method just described, was further extract-
ed witn isopropyl alcohol until two successive extracts (each the
product of one hour's treatment) gave no test for potassium hydrox-
ide, Arproximately twenty extractions were required. rrior to each
extraction, after the fifth one, the solld was crushed and stirred
with a glass rod, The solid was finally washed with ether, dried,

and analyzed fcr rnenium content and reducing pcwer, The data
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Table II

Fractional Extraction of Rhenide-Potassium Hydroxide
Brown Liquid Phase®

Expt. no, Weight of Total rhenium % Rhenium Valence no.

solid, mg., content, mg. change; theo=-
retical, 8
b A 22.7 11,7 51.56 3.88
B 86.2 48,8 56.6 8.16
2 A 15.6 8.1 82.0 S.42
B 1587.1 70,5 44,8 7.72
3 A 18.7 8.5 45.4 6456
B 146.7 79.0 53.8 8.17
4 A 15.2 8.9 8.7 5.62
B 162.,7 76,0 46.8 B8.14
5 A 29,9 7.9 19.7 6,16
B 147.4 77,1 52,4 8,02
6 A 15,2 7.1 46,7 5.47
B 190.9 85,3 44,7 8.00

®  The original reductions were carried out with 100 ml, of ImM
KReO4 solution in ethylenediamine-water mixture containing 10.8 %
water; €.00(+ 0,05) g. of potassium was used as reducing agent.
Each extractlon experiment was performed on two batches of
reduction product.
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cbtained from these experiments are given in Table III. It is seen
that the maximum rhenium content of the solid approximates 61 %, It
shculd be pointed out that the solids analyzed still contained smal 1
amounts of potassium hydroxide, as evidenced by the fact that long
contact (about 10 hrs.) with isopropyl alecohol resulted in additional
extraction of base,

Portions of two of the solids (see Table III) were analyzed for

carbon, nitrogen, and hydrOgen.lz The amounts of carbon and nitrogen

——

(12) Sample no. 5, Table III, was analyzed by Dr. G, Weller and
Dr,y F.B. Strauss, Microanalytical Laboratory, Oxford, Engl,
and sample no. 8 by Micro-Tech lLaboratories, Skokie, Ill.

were found to be insignificant, whereas the hydrogen contents, aa is

shown below, cerrespond closely to that calculated for a tetranydrate,

2 Re 2 H Atomic ratio, HiRe
57.7 2.50 8.0

233 8,0
54,6 2,14 7.3

This result 1s entirely consistent with the fact that the maximum
rhenium content found in the extracted solid waa 61,5 %, the theo-
retical value for the tetrahydrate being 62.6 %, It is somewhat sur-
prising that, although it was prepared in a medium rich in the ex-
céllent coordinator ethylenediamine, the rhenide compound neverthe -
less combired preferentially with water mclecules,

Adcitlonal samples of the rhenide compound were prepared, ex-

tracted as previously descrived, and analyzed for both rhenium and



Table III
The Separation of Rhanide from Admixture
with Potassium Hydroxiie®
Expt. no. Weight of Total rhenium % Rhenium Valence no,

solid, mg. content, mg, change; thec=
retical, 8
1 140.0 83.4 5946 7.96
2 122,1 76.1 61.5 7.98
3 B84, 51.6 6049 8,07
4 99.2 59.2 59,6 8,06
5 49,2P 26.9 54 .6 8.14
3 102.4 54,2 §2.9 8.10
7 102,6 65+4 §4.0 8,21
8 41,00 23,7 57 .7 8407

The original reductiona were carried ou: under the identical con-
ditions descrived in Table II. Each ex'raction experiment was
performed on two batches of reduction product.

This does not represent the total gquantity of solid obtained, a
portion having been used for analysis fir C, H , and N.
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potaasium.13 From the excess of potassium beyond thet reguired for

(13) Potassium was determined by means of flame photometry, ac-
cording to direstions contained in the Instruction Manual,
Flame Photometer, Mcdel §2-C, The Perkin-Eimer Gorp., Norwalk,
Conn. ’ 19520

potassium rhenide formation, the percentage of potassium hydroxide
present as impurity was calculated; the water content was obtained as
the difference between the total quantity of materlial and the sum of
the potassium rhenide and potagssium hydroxide present, The results
which are shown in Table IV, also definitely indicate that potassium
rhenide 1s formed as a tetrahydrate. The actual percentages of water
and the waterirhenium ratics are a little lower than those which appear
in the table, since the small and variable (about 1-2 %) content of
organic materlal, presumably ethylenediamine, has been neglected in

the calculations,

Some Properties of Potassium Rhenide Tetrahvdrate

Magnetic measurements by means of a Gouy balance demenstrate
that the solid rnenide 1s slightly paramagnetic, giving values at
209 C. of 254 x 107% and 223 x 1078 ¢,g.s, unit, respectively, for
the molar susceptibility of KRe*4Hp0 in two different samples, after
correction for the diamagnetism of the potassium hydroxide impurity.
This degree of paramagnetism is even less than that (about 1300 x
106 Cege8. unit) required for a substance with one unpaired electron.
Inasmuch as the rhenlum atom possesses five unpaired electrons, the

magnetic evidence indicates that the formation of the rhenide ion



Table IV

Analysis of Fotassium Rhenide®

% fhenium % Potassium ¢ Potassium % Water HpO:Re
58 .4 17.8 Te9 21.4 38
55.8 16.8 7.0 25,.,5 4,7
57.2 15,6 5.1 25;:6 4,6
57,2 15,8 4.8 25,1 4,5

a

The product was washed with anhydrous sther and treated with a
stream of dry nitrogen.
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involves a considerable modification in electronic configuration,
A number of poasible structures may be assigned to the rhenide
lon. Lingane4® nas suggested the following possibllities for elec=

tronic distribution in significant orbitals

Thne strueture
C  5825p6548

muet also be considered,

In addition, Paulingl® nas suggested the likelihood of the

(14) L. Pauling, Chem, Eng. News, 25, 2970(1947).

existence of a tetrahydrate of a square planar structure, involving

d 8 p° bonds:

&d AL Sp
'::\\'- » @ /’o‘:\| _ffn ;\- /‘-\ - \. g ‘E " o \‘l ,"/‘\
NP END/ NN R

Héb molecules

The magnetic evidence definitely eliminates structures A and C, which
possess four and two unpailred electrons, respectively, Structure B
which reguires promotlion of the 5d electrons to 6p orbitals is un-
reasoracle in that there l1s a large amount of promction energy in-

. 15 . .
volve:.lu The possibillty that the rhenium exists in a hydrated

(15) L. Pauling, grivate communication.




complex having four water molecules coordinated at the corners of a

squars 1s conaistent with energy conaiderations, and alsc with the

magrnetic data.l6

(16) In the Pauling structure, if the electrcns of the water
molecules are not considered, the electronic distribution
may be considered to be C given above, but it must be
recognized that only four 54 orbitals are available, rather
than all five, The coordination of the rhenium with water
inolecules rather than with ethylenediamine 1s explained bg
Pauling (private communication) in the following manner: "I
feel that there will be a very strong tendency for the
rneniun atom to form covalent bonds, However, if the co-
valent bonds have too large an amount of covalent charaocter
there will be bullt up a very large negative charge on the
rhenlum atom, which would be contrary to the electroneutrality
principle, ;See J. Chem. Soc,, 1948, 1461, Accordingly the
bcais to the four ligated atoms would be expected to have a
retner large amount of ionie character, although atill retain-
112 a significant amount of covalent character, For this
r:ason bonds to oxygen would be preferred in the rhenide com=-
plsx over bonds to nitrogen, which, because of the smaller
el.ctronegativity of nitrogen, would be less stable, with a
large amount of ilonic charactsesr, than the bonds to oxygen., I
think that this provides an explanation nct cnly of the prefer-
ence of the rhenide ion for water molecules, over ethylene~
dlamine groups, but also for the ligation of only four water
molecules, rather than six,"

Although potassium rhenide tetrahydrate, as 1solated, ls gray
in color, 1t is probable that the pure substance 1s actually colore
less, 1lnasmuch as the original reduction product, a mixture of
rienlide and potassium hydroxide, 1s colorless, The gray color appears
after extractlon from the brown, colloidal dispersion in isopropyl
alccnol, and probably 1s attributable to the adsorpticn of colloidal

materlial, That this ls a reascnable explanation 1s seen from the
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fact that the compound dissolves in aqueous potassium hydroxide to
give pale yellow solutions which exhibit the Tyndall effect.
Treatment of such solutions with aqueous thallium(I) nitrate
gives a white precipitate which presumnblyﬁ;q thallium(I) rhenide..
Unfortunately the precipitate i1s unstable and soon is converted to a
blaok substance which proved to bé metailic thallium; perrhenate ion |

was 1dentifled in the solution,

Acknowledzement, The authors are indebted to the Office of Naval

Research for fingncial support of this investigation. -

Lawrence, Kansas
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